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INFLUENCE OF DRYING METHODS ON DENSITY AND
POROSITY OF MILK POWDER GRANULES ‘

SUMMARY

Gas and liquid displacement techniques ‘were used to determine the true and
apparent densities as well as the relative porosities of milk powder granules
produced by various drying techniques. Using helium as the displacing gas,
rapid penetration of conventional spray-dried, spray-dried foam and vacuum-
dried foam particles was noted; all whole milk powders had true densities averag-
ing 1.30 g/em®. By this method, the measured true density of a commerecial
instantized skimmilk powder was 1.48 g/em®. When hydrogen, nitrogen, decalin,
or mercury was used as a displacing medium, data were obtained showing a
wide variation in the porosity of particles produced by different drying tech-
niques. It was concluded that conventional spray-dried material eontained
small amounts of occluded gas exchanged only with great difficulty, if at all.
Spray-dried foam particles contain relatively large volumes of gas which can
‘undergo exchange slowly and completely. The small quantities of trapped gas

in vacuum foam-dried particles can undergo rapid and complete exchange.

During the course of a study of the effect of
the physical structure of various types of milk
powder on their dispersibility and keeping
quality, variations in rate of gas penetration
into various types of milk powders were noted
which could be related to their relative porosity.

We are here reporting the observed effect of
various milk-drying techniques on the relative
porosity of milk powder particles and the true
and apparent densities of these particles as
measured by gas and liquid displacement.

When measuring the densities of the solids
in the powder granules, we found considerable
difference in the flow rates of helium, hydrogen,
and nitrogen into, and out of, these powders.
The flow rates were similar to those observed
by Barrer et al. (3) through various zeolites
known as molecular sieves. These materials
have micropores of molecular dimensions
through which gas flow is greatly impeded.
Tlow through sueh pores does not follow the
Poiseuille or Knudsen formulation, but rather
involves surface flow in an adsorbed layer of
gas, involving a considerable energy of activa-
tion (11). A similar situation apparently ex-
ists in some types of milk powder granules.

Factors influencing gas movement in con-
ventional spray-dried powders have previously

been studied by Coulter and Jenness (6). A-

number of workers have determined the density
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of this type of powder using mineral oil (10),
hexane (5), and gas displacement (9).

MATERIALS AND METHODS

Three samples of whole milk powder dried
by different methods in the Dairy Products
Laboratory - pilot plant, and one commercial
instantized skimmilk powder sample purchased
off the supermarket shelf in Washington, D. C.,
were used. The whole milk powders were con-
ventional spray-dried powder, a high vacuum
shelf foam-dried powder according to the method
of Sinnamon et al. (16) and a foam-spray
dried powder according to the method of Han-
rahan et al. (7). ;

All the gases used were purchased from the
Southern Oxygen Company.* The He was puri-
fied by passing through a charcoal trap main-
tained at —195 C, previously degassed at 250 C.
Electrolytic H, was purified with a Deoxd?
catalytic H, purifier, followed by -a charcoal
trap at —195C. Prepurified N, was used
after passing through a liquid N, trap to re-
move any trace of moisture.

The decalin was purchased from the Fisher
Scientific Company® and was used without
further purification.

1 The use of trade names is for theé purpose of
identification only, and does not imply endorse-
ment of the produet or its manufacturer by the
U. S. Department of Agriculture. : o
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Mercury densities were measured by Prado
Laboratories,' Cleveland, Ohio, using an
Aminco-Winslow* Porosimeter and caleulated
from the Hg penetration at pressures of 20
Ib/sq in.

Decalin densities were measured according
to the method of Manus and Ashworth (10).
The solubility effect of the deealin on the con-
stituents of the milk powder was checked by
comparing decalin filtered from eompleted den-
sity determinations with unused stock decalin
in a Brice-Phoenix* differential refractometer.
No change in index of refraction was observed.
Microscopic examination showed that the in-
tegrity of the powders was maintained when
suspended in decalin.

In the gas displacement method an all-glass
gas adsorption apparatus as commonly used
for surface area measurements (1) was used
for the volume determinations. It consists of
a calibrated gas burette and a mereury manom-
eter equipped with a fine adjustment control
(1) to adjust the mercury level and an elec-
tronic contact indicator (1, 13) located at the
zero reference point. The gas burette is jack-
eted and kept at a constant temperature of
26.2 C with a Labline* model no. 3052 high-
precision (== 0.02 C), constant-temperature eir-
culating system. The sample tube is immersed
in another bath maintained at the same tem-
perature as the burette. The apparatus is
evacuated with a ‘mercury diffusion pump
backed by a mechanical oil pump. Pressures as
low as 0.005 p, as measured with a MecLeod
gauge, have been consistently obtained.

The density measurements were carried out
in the following manner: A clean, dry sample

tube is attached to the apparatus and evacuated

to 0.005 u. A quantity of He is admitted from
a reservoir into the burette and the pressure

is recorded. The stopcocks in the line leading
into the sample tube are then opened and the

pressure read again after equilibrium. At
constant temperature the volume of the tube
is readily obtained, using Boyle’s law. The
sample tube is then removed and filled with a
weighed amount of powder and the volume is
again measured in the same manner. The dif-
ference between the volume of gas required to
fill the sample tube when empty and when con-
taining the powder is the sample volume.
The density so determined with He is the
true chemical density, as the He fills all the
voids between the particles as well as any pore
space due to cracks, crevices, ete., internal to
the perticle. Only ecompletely sealed-off eavities
within the particles will remain undetected.
Mercury densities, however, are only apparent

densities, as a nonwetting liquid such as Hg will
not enter any pores at the pressure used.
Powder porosities were then caleulated from
the -equation
1 1_

-P_u - F - Vp (1)
where V, is the pore gram per gram and p, and
p: are the apparent and true densities, respeec-
tively. The porosity defined as the percentage
of particle volume which is pore space is then
given by 6 = V, p.. (2)

RESULTS

When nitrogen was used as the displacing
gas, the pressure in the system did not remain
constant, but showed a slow decrease with time
with all the spray-dried powders used. This
means that there is a slow increase in the vol-
ume of gas required to fill the pore space in
the sample and accordingly there is a slow
creep or increase in the density of the material
with time.

In Figure 1 we have plotted the density in
g/em® of conventional spray-dried whole milk
powder against time in hours. As shown, a
constant density value is reached very quickly
with He, but with N, there is a slow creep,
with the density never reaching the He value.
The behavior with H, is somewhat anomalous.
The change in density with time is more rapid
than for N. but slower than with He, but
eventually it does reach the He value and
finally exceeds it.

The molecular diameters of the gases used
are 2.00 A for He, 4.00 A for N,, and 218 A
for H. (15). The presence of mieropores of
molecular dimensions would explain the dif-
ferences observed in the behavior with the
gases. Nitrogen being much larger than the
others cannot pass through these pores as
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readily; hence, the slower rate of penetration.
There are some pores completely inaccessible
to the N, molecule; hence, the lower ultimate
density value with N,. The intermediate pene-
tration rate obtained with H, is in aecord with
its molecular diameter; being between He and
N.. The high ultimate value finally obtained
with H, is probably due to some other cause,
such as a chemical reaction.

Figure 2 shows a somewhat similar pattern
for foam-spray powder.

By plotting the nitrogen densities against
time for three different whole milk powders
(Figure 3) one has a measure of the relative
porosities of these powders. The vacuum-shelf
foam-dried powder has essentially no mieropore
structure, as the He and N, densities were
identical and both were reached rapidly. The
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foam-spray powder apparently has a large net-
work of mieropores small enough to slow down
the flow of N,, but large enough to permit the
N, density to finally reach the He value. The
conventional spray-dried powder is much less
porous than the foam spray, but the pores
existing there have much smaller radii; hence,
the very slow, long creep in density with time.
In this case the pore sizes are such that the N,
density never reached the He value.

Relative porosities may readily be seen from
the density values listed in Table 1.

Using equation (1), total pore volumes, and
the volume Q., the pore space filled with N, as
a function of time was obtained. This is, then,
the volume of gas occluded or sorbed by the
powder. We use the vague term sorbed rather
then absorbed or adsorbed, as it is probably
a combination of several things—trapping or

TABLE. 1
Densities. of dried milk powders in g/ecm®
Displacing medium He N H, Hg Decalin
Powder
Foam spray 1.311 0.738* 1.040¢ 0.451 0.798
0.809" 1.300°
. 1.316°
Conventional spray. 1.308 1.069° 1.231° 0.835 1.056
1.237¢8 1.3267
. 1.243"
Vacuum foam 1.278 1.278 L 1.126 1.278
Commereial instant skim 1.483 1339 L 1.203 1.337

2 Initial value at P =146.3 mm Hg.
b Initial value at P =798.1 mm Hg.

¢ Value at P =1738.9 mm Hg after 44 hr.

4 Tnitial value at P =806.6 mm Hg.
° Value at P=776.1 mm Hg after 5 hr.

f Value at P = 758.9 mm Hg after 13 min.
8 Value at P =1733.3 mm Hg after 50.4 hr.

b Value at P =509.8 mm Hg after 173.3 hr.

! Value at 864.4 mm Hg after 21 min.
I Value at 847.8 mm Hg after 24 hr.
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occlusion within the particles, capillary con-
densation, solid solution formation, and pos-
sibly some surface adsorption.

DISCUSSION

The rate of sorption in the spray-dried pow-
ders showed a pressure dependence (Figure 4).
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F1e. 4. Effect of initial pressure of N:. upon
sorption rate in-foam-spray-dried powder.

With higher initial pressures the penetration
rate increases; however, it is not proportional
to the pressure; as the pressure is increased
further there is a relatively smaller increase in
the diffusion rate. Conversely, the relative rate,
Q:/Q ., expressed as the per cent of total sorp-
tion oceurring in a given time interval, de-
creases as the pressure of the gas increases.

This behavior is in complete agreement with
diffusion theory (2, 4). For a thin slab with
a pressure equilibrium existing on both sides
we have the equation:

8 Z°° 1
— 1—— —— €X
Qt—-LO[ 77-2 "';0 (2m+1)z 1Y

—D (2m + 1)
e o

for the amount @, diffusing in time ¢ where L
is the path length for the diffusion and ¢ is the
concentration. For the quantity @, at time
unity we have:

8 <« 1
=Lec| 1 —— ——————exp
Q gc[ i Z (Zm + 1)
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A plot of the volume sorbed against equilib-
rium pressure yielded isotherms of the type
shown in Figure 5. An equation of the form

c —

(Cs—C)P
can be applied to these isotherms where C is
the concentration and C, is the saturation con-

centration. Substituting into Equation (4)
gives:

(5)

S S
1+ KP

and if P is large enough we have the approxi-
mation : '

Q1w = LK’KC, (6)

@2 = LK'C, (7)
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F1e. 5. Sorption isotherms for N. in spray-
Cried powders at 26 C.

Hence, the theory predicts that in a system
such as is present in the spray-dried milk
powders there is a point beyond which further
increases in pressure will not be effective to
increase the diffusion rate.

Mervyn Jones (11, 12) has treated the prob-
lem of flow through pores of molecular dimen-
sions in terms of an equation involving three
types of flow: Poiseuille, Knudsen, and sur-
face flow in an adsorbed layer. He uses the
equation :

_ anP*MP (P, — P)
8InRT
My (2nM/RT) ™ (P — Ps)

31
2anTy (M, — ms)
1
where 7 = average pore radius

| = average pore length

A = mean free path of diffusing spe-
cies

(8)

P = mean pressure
1 = gas viscosity
(P, — P,) = pressure difference alone 1
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7 = a term for the molecular diam-

eter of the diffusing species -
(m, — m,) = the difference in concentration
of adsorbed material along the

pore length 7
and all the other terms have their usual sig-
nificance.

When the pore diameter is of the order of
the diameter of the N, molecule 7~ 2 X 10~°
em. Substituting this value into Mervyn Jones’s
equation the first two terms, corresponding to
Poiseuille and Knudsen flow, respectively, are
negligible and surface flow will predominate.

Flow of this type should require a consider-
able energy of activation for the molecules of
the diffusing species to squeeze through such
narrow eapillaries. Comparison of our results
with calculated values based on low-tempera-
ture measurements (8) bear this out.

Considering Mervyn Jones’s equation we see
that only Poiseuille and Knudsen flow are
pressure-dependent, whereas surface flow de-
pends only on the concentration of the ad-
sorbed species. Greater pressure differentials
should, then, have little effect upon the rate of
diffusion through the dried milk powders, par-
ticularly in the linear portion of the isotherm
(Tigure 5), as has been shown (Figure 4).

From the data obtained in this study, we
have concluded that a relatively large per-

centage of the gas moving into or out of milk

powder particles does so by surface diffusion
along pore walls. Since the rate of this process
depends only on the concentration gradient
along the pore length, it may be assumed that
oxygen located within the interior of milk pow-
der particles can be removed by flushing the
powder bed with pure nitrogen. Under these
conditions the rate of removal of absorbed oxy-
gen may be higher than that obtained by hold-
ing the particles under high vacuum (14). A
comparative study of rates of oxygen removal
from milk powders by nitrogen flushing and
vacuum degassing is now in progress in our
laboratory.
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